In mouse fertilized eggs, correct assembly and distribution of the actin cytoskeleton are intimately related to cleavage in early-stage embryos. However, in mouse fertilized eggs, mechanisms and involved factors responsible for regulating the actin cytoskeleton are poorly defined. In this study, mTORC2, PKB/Akt and Girdin were found to modulate division of mouse fertilized eggs by regulating distribution of the actin cytoskeleton. RNA interference (RNAi)-mediated depletion of mTORC2, Akt1 or Girdin disrupted F-actin rearrangement and strongly inhibited egg development. PKB/ Akt has been proven to be a downstream target of the mTORC2 signalling pathway.
| INTRODUCTION
Actin filaments (microfilaments) regulate many dynamic events during oocyte meiotic maturation and fertilization, such as sperm incorporation, cortical granule exocytosis, spindle rotation (in the mouse), second polar body emission and contractile ring formation during cleavage. 1, 2 However, in mammals, and especially in mouse fertilized eggs, the mechanism regulating the F-actin cytoskeleton was poorly defined. mTORC2 is a multimeric kinase composed of the mammalian target of rapamycin kinase (mTOR), mSin1, mLST8 and rictor. It has shown functions in controlling cell growth and actin cytoskeletal assembly and is insensitive to rapamycin. In NIH3T3 fibroblasts, siRNA-mediated knockdown of mTOR, Rictor or mLST8 prevents actin polymerization and cell spreading. 3 In human neutrophils, inhibition of mTORC2 function by Rictor knockdown also leads to cell polarity defects and uniform cortical F-actin accumulation. 4 Together, these studies highlight the possibility that mTORC2 may have effects on the actin cytoskeleton. However, whether mTORC2 impacts microfilament aggregation of mouse fertilized eggs and alters this aggregation of microfilament assembly requires empirical determination.
Although the direct targets of mTORC2 that mediate signalling to the actin cytoskeleton are unknown, mTORC2 signalling to the actin cytoskeleton may involve PKCα and the small GTPases Rho and Rac. In HeLa cells, the morphology of the actin cytoskeleton in PKC-α knockdown cells is similar to that of Rictor knockdown cells. 5 Recent findings show mTORC2 directly phosphorylated Akt/PKB on Ser473. 6 mTORC2 is responsible for insulin-induced Akt Ser-473 phosphorylation in 3T3-L1 adipocytes. 7 Akt, which was also known as protein kinase B (PKB), was also a serine/threonine kinase. Studies indicated that Akt1 promoted cell motility in mammalian fibroblasts and tumour cells predominantly by reorganizing actin filaments. [8] [9] [10] Our early studies reported that Akt1 was expressed in mouse fertilized eggs and revealed that Akt1 overexpression in mouse fertilized eggs promoted cell division. 11 Further studies performed in our laboratory revealed that mTORC2 was critical for the phosphorylation of Akt1/PKB at Ser473 during embryogenesis, and Akt1 was positively regulated by mTORC2. 12 Based on this, we hypothesized that mTORC2 might alter the aggregation of mouse fertilized egg actin cytoskeleton by phosphorylation of Ser473 PKB/Akt1 site.
A search for Akt1-binding proteins led to the identification of Girdin (girders of actin filament), also known as Akt1 phosphorylation enhancer (APE) or G-interacting vesicle-associated protein (GIV). Girdin was a large 220 kDa protein with unique amino and carboxyl-terminal domains flanking a long coiled-coil region. Girdin formed oligomers through its amino-terminal domain and coiled-coil region. The carboxyl-terminal domain contained the actin-binding site and the phosphatidylinositol phosphate-binding motif located near the Akt1 phosphorylation site (serine 1416). Therefore, Girdin was postulated to cross-link actin filaments and to anchor them to the plasma membrane in quiescent cells. [13] [14] [15] Jiang et al. demonstrated that the knockdown of Girdin in breast cancer cells led to an increase in the number of cells, which demonstrate rugged cortical actin filaments, and disruption of stress fibres. siRNA-mediated knockdown of Girdin leads to the disruption of stress fibres in Vero fibroblasts. 16 In addition, the cells lost their shape and formed rugged boundaries. Enomoto et al. reported that the Girdin CT1 domain is anchored at the plasma membrane via binding to phosphoinositides, where it subsequently cross-links actin filaments and anchors cortical actin at the plasma membrane. Since the phosphoinositide-binding site is located near the Akt phosphorylation site of the CT1 domain of Girdin, it is indicated that Akt1 might control the localization of Girdin by regulation of its phosphoinositide-binding property. Ni et al. reported that Girdin regulates the migration and invasion of glioma cells via the PI3K-Akt signalling pathway. The results provide a theoretical foundation for the development of anticancer drugs. 17 Based on the above results, we speculate that Girdin may play a key role in regulating actin filaments and thus the modulation cell division in mouse fertilized eggs in an Akt1-dependent manner.
In this report, we showed that RNA interference-mediated dampening of the expression of mTORC2, Akt1 or Girdin disrupts actin filaments and remarkably inhibits the development of mouse fertilized eggs. Furthermore, we found that Akt1 positively regulates the development of mouse fertilized eggs by Girdin-mediated actin remodelling.
Thus, we speculate that Girdin protein may be a downstream target of the Akt1 signalling pathway.
Furthermore, we also found that Akt1-and Girdin-mediated phosphorylation was affected by knockdown of mTORC2 and that mTORC2 may regulate Girdin in the development of mouse fertilized eggs. Our observations collectively indicate that the mTORC2/Akt1/Girdin signalling pathway is crucial for actin remodelling in mouse fertilized eggs.
| MATERIALS AND METHODS

| Animals
Kunming genealogy-specific pathogen-free mice (females at 4-6 weeks and 18-20 g; males at 8 weeks and 25-30 g) were the development of mouse-fertilized eggs by Girdin mediated F-actin rearrangement.
Girdin could be a downstream target of the Akt1-mediated signaling pathway.
Conclusions:
Collectively, this study aimed to prove the participation of mTORC2/Akt in F-actin assembling in early-stage cleavage of mouse fertilized eggs via the function of Girdin. 
| Reagents and plasmids
| Collection and culture of one-cell stage mouse embryos
We collected and cultured one-cell stage mouse embryos according to the previously described protocol by Hogan and Constantini (1986). Female mice were first injected with 10 IU of pregnant mare serum gonadotropin (PMSG) and then injected with 10 IU of human chorionic gonadotropin (hCG) 48 hours late. A female mouse was placed with a single male mouse of the same strain. Twenty-four hours after the hCG injection, we collected one-cell stage embryos from the oviducts of females possessing a vaginal plug and then placed them immediately in M2 medium. The embryos were cultured in M16 medium under paraffin oil at 37°C in a humidified atmosphere of 5.0% CO 2 in air until embryos at different stages were needed.
The development model of mouse fertilized eggs were listed as follows: G1 phase: 12-21 hours after injecting hCG; S phase: 21-27 hours after injecting hCG; G2 phase: 27-30 hours after injecting hCG; M phase: 30-33 hours after injecting hCG ( Fig. 1a ).
According to the development model of mouse fertilized eggs, we mostly injected siRNA or shRNA into one-cell stage embryos at G1 stage of the cell cycle about 18-20 hours after hCG. Embryos were collected the next day (38-42 hours after the hCG injection), so the siRNA or shRNA may function more than 20 hours after injection. 
| In vitro transcription
All the constructs in pcDNA3.1/myc-His B were cut singly with Age I and transcribed into 5′-capped mRNA for microinjection using the mMESSAGE/mMACHINE kit. The mRNAs synthesized in vitro were dissolved in nuclease-free 5 mmol/L Tris and 0.5 mmol/L EDTA (TE) at pH 7.4. The mRNA yield was determined by measuring the absorbance at 260 nm and by running modified non-denaturing gels loaded with RNA. 
| mRNA/shRNA microinjection and observation of the mouse embryos
| RNA interference
The 21-nucleotide synthetic duplexes, which caused depletion (knockdown) of Girdin or Akt1, were obtained from Santa Cruz. Onecell fertilized eggs were microinjected with Girdin siRNA, Akt1 siRNA and a 21-nucleotide control RNA (Santa Cruz) The proteins were detected using an enhanced chemiluminescence detection system (Pierce Biotechnology). Phospho-Girdin 1417 antibody was raised in New Zealand White rabbits against keyhole limpet haemocyanin-conjugated phosphopeptide.
| Western immunoblotting
| Immunofluorescence staining and laserscanning confocal microscopy
Eggs were fixed for 10 minutes at room temperature in Dulbecco's phosphate-buffered saline (DPBS) supplemented with 3% paraformaldehyde and 0.01% glutaraldehyde and then washed in a solution of 
| Statistical analysis
All experiments were performed independently and at least three times. Student's t test and analysis of variance (ANOVA) were used to evaluate the differences between multiple experimental groups using SSPS 13.0 software, and the differences were considered statistically significant at P<0.001.
| RESULTS
| mTORC2 affects rearrangement of the F-actin cytoskeleton in mouse fertilized eggs
To explore the function of mTORC2 in mouse fertilized eggs, we used shRNA to silence the gene expression of RICTOR. Mouse one-cell stage embryos at the G1 phase were cultured in M16 medium after microinjection of Rictor shRNA. After 20 h, the embryos were collected to quantity gene and protein expression of RICTOR. To clarify the roles of mTORC2 in F-actin rearrangement, we measured the intracellular distribution and rearrangement of F-actin by immunofluorescence confocal microscopy. In control mouse fertilized eggs, F-actin localized to the cell cortex explicitly around contractile ring. By contrast, RICTOR knockdown fertilized eggs showed cytoplasmic actin aggregates and less prominent presence of contractile ring (Fig. 1b ).
Using siRNA to down-regulate gene expression, we almost completely inhibited RICTOR protein expression in mouse fertilized eggs (Fig. 1c ). Cortical remodelling of F-actin is induced by Akt1 activation. Mouse fertilized eggs were stained with rhodamine-phalloidin (red fluorescence) to visualize F-actin cytoskeleton. Various scenarios were studied, which included cells injected with mRNA-encoding Akt1-WT, myr-Akt1, Akt1-KD or siRNA targeted against Akt1. Fertilized eggs were fixed and labelled with rhodamine-phalloidin (10 or 20 μmol/L; F-actin labelling, indicated by white arrows) and with Hoechst 33258 (1 mg/ml; DNA labelling) and imaged by laser-scanning confocal microscope. Scale bar: 20 μm of the microfilaments and thus affected normal cell division (Fig. 2c) .
| Akt1 regulates cell division and F-actin rearrangement in mouse fertilized eggs
These results suggest that Akt1 can indeed affect the early development of fertilized eggs by affecting the rearrangement of the F-actin cytoskeleton.
| The mTORC2/Akt1 pathway rearranges the F-actin cytoskeleton of one-cell stage fertilized eggs
To explore the function of mTORC2 and Akt1 in mouse fertilized eggs, we also monitored Akt1 phosphorylation. We found that Akt1
Ser 473 phosphorylation was abolished by Rictor's knockdown. RNA
interference-mediated suppression of rictor inhibited Akt1 Ser473
F I G U R E 4 Girdin is essential for rearrangement of the F-actin cytoskeleton and the development of mouse fertilized eggs. (a) Depletion of Girdin in mouse one-cell staged fertilized eggs by siRNA. Total cell extracts from control siRNA-and Girdin siRNAinjected one-cell staged fertilized eggs were subjected to Western blot analyses and immunodetection with anti-Girdin, anti-p-Girdin, anti-Akt1 and anti-actin antibodies. (b) The cleavage rate in cultured mouse embryos after Girdin siRNA injections shows that the total number of eggs undergoing cell division is given above each bar graph from three independent experiments. (c) F-actin cytoskeleton of embryos derived from fertilized eggs treated with Girdin siRNA. Mouse fertilized eggs were treated with control or Girdin siRNAs and fixed 48 hours later, followed by staining with rhodamine-phalloidin and anti-Girdin antibody. In situ validation of the interaction between Girdin and polymerized F-actin by confocal microscopy is shown. One-cell stage mouse fertilized eggs were treated with 10 or 20 μmol/L Girdin siRNA. Immunolocalization of Girdin is revealed by green staining (antibody), and immunolocalization of actin is revealed by red staining. Control fertilized eggs (21 hours after hCG): one-cell arrested embryos derived from fertilized eggs that were injected with Girdin siRNA 21 hours after hCG and cultured for 24 hours; control two-cell embryo: in control fertilized eggs, F-actin forms a regular ring in the cell cortex. In embryos derived from fertilized eggs treated with girdin siRNA, polymerized F-actin was observed in the cytoplasm and formed irregular patches that were scattered randomly in the cortex. Scale bar: 20 μm F I G U R E 3 The mTORC2/Akt1 pathway rearranges the F-actin cytoskeleton of one-cell stage fertilized eggs. Microinjection of Rictor shRNA then with myr-Akt1 mRNA into mouse one-cell stage embryos. Staining for F-actin (red) revealed the organization of the F-actin cytoskeleton in mouse fertilized eggs (F-actin is shown by the yellow arrow). Scale bar: 20 μm ( Fig. 1c) . To further explore the relation of mTORC2 and Akt1, we first microinjected one-cell stage fertilized eggs with Rictor shRNA and then with the mRNA-encoding wild-type Akt1. Next, we observed the rearrangement of the actin cytoskeleton by immunofluorescence confocal microscopy. We found the phenotype seems to be rescued ( Fig. 3 ). Our findings indicated that RICTOR regulates the organization of the actin cytoskeleton and that Akt1 is a mediator of this function. Depletion of Girdin inhibited cleavage of mouse fertilized eggs (Fig. 4b) To test whether Girdin promotes cross-linking of F-actin filaments, we examined the effects of Girdin knockdown on the rearrangement of the F-actin cytoskeleton. Immunofluorescent staining with anti-Girdin Ab showed that Girdin expression was very low in the Girdin siRNA-microinjected fertilized eggs. Staining of F-actin-rich structures with phalloidin revealed that the correct orientation of the filament is affected and cannot be gathered at the contractile ring in the Girdin siRNA-microinjected mouse fertilized eggs (Fig. 4c ). The depletion of Girdin disrupted the rearrangement of the actin cytoskeleton in mouse eggs, resulting in abnormal cleavage and asymmetrical cytokinesis.
| Girdin is essential for rearrangement of the F-actin cytoskeleton and the development of mouse fertilized eggs
These observations suggested that Girdin is essential for rearrangement of F-actin filaments.
| The Akt1/Girdin pathway regulates rearrangement of the F-actin cytoskeleton of one-cell stage fertilized eggs
We used Scansite software (http://scansite.mit.edu) and the Clustal W (1.83) multiple sequence alignment programme (http:// www.ebi.ac.uk/clustalw/) to predict relevant target sites of Akt1 on mouse Girdin. Using this approach, we found that mouse Girdin had a serine residue at position 1417 (Ser 1417), which corresponded to Ser 1416 of human Girdin, which was also a residue that was phosphorylated by human Akt1. To gain insight into the role of phosphorylation of Girdin by Akt1, we assessed the location of phosphorylated Girdin in fertilized eggs by staining with anti-P-Girdin 1417Ab. One-cell stage mouse embryos were first microinjected with Akt1-WT mRNA, myr-Akt1 mRNA or Akt1 siRNA, and then stained with rhodamine-phalloidin and anti-P-Girdin 1417Ab. We found that the actin filaments and P-Girdin were clustered in the cell membrane and the cleavage furrow ( Fig. 5a ). We next examined whether anti-P-Girdin Ab could detect endogenously phosphorylated Girdin in response to activation by Akt1. We found that treatment with myr-Akt1 caused significant increases in phosphorylation of Girdin 1417, whereas only minor phosphorylation was seen with WT-Akt1. In addition, treatment with KD-Akt1 mRNA or siRNA-mediated Akt1 knockdown blocked phosphorylation of Girdin (Fig. 5b) . These results strongly suggested that Akt1 could directly phosphorylate Girdin on Ser1417 and promoted its function in mouse fertilized eggs. In additional studies, we first microinjected one-cell stage eggs with myr-Akt1 mRNA, as mentioned above, followed by microinjected with Girdin siRNA. Embryos in each experiment were assessed by immunofluorescence confocal microscopy for their F-actin organization 20 h after microinjection. As anticipated, we detected the disrupted microfilament aggregation after microinjected of Akt1 mRNA and Girdin siRNA. Similar effects were seen in Girdin siRNA-microinjected groups (Fig. 5c ). These findings indicate that Girdin-and Akt1-mediated phosphorylation play major roles in the development of mouse fertilized eggs. Taken together, our observations indicate that the Akt1/Girdin pathway regulates division of one-cell stage fertilized eggs.
| The mTORC2/Akt1/Girdin pathway rearranges the F-actin cytoskeleton in one-cell stage fertilized eggs
To further explore the role for mTOR complexes in the regulation of the Girdin, we examined Girdin phosphorylation in the Rictor knockdown fertilized eggs. In control fertilized eggs, we noted that Girdin was highly phosphorylated at 1417. Mouse fertilized eggs treated with Rictor shRNA exhibited decreased phosphorylation of Girdin 1417. Thus, knockdown of mTORC2 prevented Girdin phosphorylation ( Fig. 6a ). Furthermore, we examined Girdin phosphorylation in the Rictor shRNA and WT-Akt1 mRNA injection fertilized eggs. In WT-Akt1 mRNA-treated fertilized eggs, we noted that Girdin was highly phosphorylated at 1417. But fertilized eggs treated with Rictor siRNA and WT-Akt1 exhibited decreased phosphorylation of Girdin 1417 (Fig. 6b ). Our data indicate that Akt1-and Girdin-mediated phosphorylation was affected by knockdown of mTORC2 and that mTORC2 may regulate Akt1 and Girdin in the development of mouse fertilized eggs.
| DISCUSSION
Although some reports reveal that polymerization of microfilaments is important for mouse fertilization, 18, 19 the signalling pathway is unclear, particularly with regard to the regulation of microfilament rearrangement in mouse fertilized eggs. In this study, we investigated the effects of mTORC2, Akt1 and Girdin on the remodelling of the actin cytoskeleton in mouse fertilized eggs.
Many studies have shown that mTORC2 is associated with the organization of the actin cytoskeleton. Some groups found that mTORC2 may be related to small GTPases (RhoA, Cdc42 and Rac1), which are critical regulatory proteins in cytoskeletal organization and cell migration. 20 mTORC2 plays a major role in the phosphorylation and activation of the AGC protein kinase family member Akt/PKB and does so at the stimulatory Ser473 residue. Earlier reports by us had demonstrated that microinjection Rictor shRNA could block cell division of mouse fertilized eggs. It suggested that RICTOR might play an important role in promoting early mitotic division in early mouse fertilized eggs. 12 Our further study showed that the actin cytoskeleton could not be proper aggregation around cleavage furrow after rictor shRNA treated in mouse fertilized eggs.
They appeared asymmetric and irregular in division. It suggested that mTORC2 was involved in the regulation of actin cytoskeleton distribution in mouse fertilized eggs. The ability of mTORC2 to regulate actin networks suggests that it may be involved in regulating the cleavage of early-stage embryo.
Although the direct effect of mTORC2 on the aggregation of the actin cytoskeleton is not clear, mTORC2 is critical for the phosphorylation of Akt1/PKB at Ser473 during embryogenesis and that Akt1 is positively regulated by mTORC2. 12 We previously reported an important role of Akt1 in the regulation of the first round of mitosis of mouse fertilized eggs. 11 In this report, we have found that Akt1 regulates remodelling of the actin cytoskeleton in mouse one-cell fertilized eggs. We found that the distribution of the actin cytoskeleton has changed after treated with WT-Akt1 mRNA, myt-Akt1 mRNA or Akt1 siRNA. Microfilaments concentrated distribution around cleavage furrow after treated with WT-Akt1 mRNA or myt-Akt1 mRNA. On the contrary, the distribution of actin filaments was disordered after treated with Akt1 siRNA .The fertilized eggs could not form normal division groove. The results showed that PKB/Akt can influence the correct aggregation and distribution of microfilament cytoskeleton of mouse fertilized eggs. To explore the function of mTORC2 and Akt1 in mouse fertilized eggs, we also monitored Akt1 phosphorylation. We found that Akt1 Ser 473 phosphorylation Because previous studies have shown that Akt1 promotes cellular proliferation and inhibits apoptosis in many cell types, these complex findings obscure the mechanism by which Girdin regulates the function of Akt1 in various cellular processes. It will be important to address how Girdin-mediated Akt1 signal affects cell proliferation. 22, 23 Thus, we investigated a possible interaction between Girdin and F-actin. F-actin was disrupted in the Girdin siRNA-microinjected mouse fertilized eggs. These observations suggested that Girdin is essential for organization of F-actin filaments.
Furthermore, we found that the addition of Akt1-WT and myr-Akt1 induced significant phosphorylation of Girdin in mouse one-cell fertilized eggs. In addition, treatment with KD-Akt1 mRNA or siRNAmediated Akt1 knockdown blocked phosphorylation of Girdin. These results strongly suggested that Akt1 could directly phosphorylate Girdin on Ser1417 and promoted its function in mouse fertilized eggs.
To further explore the role for mTOR complexes, Akt1 and Girdin in the regulation of the actin cytoskeleton, w examined Girdin phosphorylation in the Rictor knockdown fertilized eggs. We also found that the level of Girdin 1417 phosphorylation was dramatically decreased in Rictor knockdown fertilized eggs compared with that of control fertilized eggs.
Furthermore, we examined the phosphorylation of Girdin in the Rictor shRNA and WT-Akt1 mRNA co-injection fertilized eggs. In WT-Akt1 mRNA-treated fertilized egg, we noted that Girdin was highly phosphorylated at 1417. But fertilized eggs treated with Rictor siRNA and WT-Akt1 exhibited decreased phosphorylation of Girdin 1417. Our data indicated that Akt1 and Girdin-mediated phosphorylation was affected by knockdown of mTORC2 and that mTORC2 may regulate Girdin in the development of mouse fertilized eggs.
F I G U R E 6 The mTORC2/Akt1/Girdin pathway rearranges the F-actin cytoskeleton in one-cell stage fertilized eggs. (a) The effect of gene knockdown on the expression of Rictor and the phosphorylation of Girdin-1417. Extracts of mouse fertilized eggs were resolved by 6% SDS-PAGE, transferred to nitrocellulose and probed with phosphor-Girdin-Ser1417 antibody and Girdin antibody. (b) We examined Girdin phosphorylation in the fertilized eggs treated with Rictor shRNA, WT-Akt1 mRNA, Rictor shRNA and WT-Akt1 coinjection. In WT-Akt1 mRNA treated cells, we noted that Girdin was highly phosphorylated at 1417. But cells treated with Rictor siRNA and WT-Akt1 exhibited decreased phosphorylation of Girdin 1417
In summary, we showed that siRNA interference and depletion of mTORC2, Akt1 or Girdin disrupted the rearrangement of actin filament and remarkably inhibited the development of mouse fertilized eggs. Also, we found that Akt1 positively regulated the development of mouse fertilized eggs by Girdin-mediated actin remodelling. Girdin protein could be a downstream target of the Akt1 signalling pathway. We also found that phosphorylation of Akt1 and Girdin were affected by knockdown of mTORC2 and that mTORC2 may regulate the phosphorylation of Girdin during the development of mouse fertilized eggs. Combined with our prior studies that the Rictor-induced phosphorylation of Akt1 in Ser473 is required for mTORC2 function during the early development of mouse fertilized eggs, our current data suggest that Akt1 is a mTORC2's substrate and mTORC2 regulates the development of mouse fertilized eggs through Akt1 and Girdin. Our study indicates that the mTORC2/Akt1/Girdin signalling pathway is crucial for remodelling actin in mouse fertilized eggs ( Fig. 7) .
F I G U R E 7 Schematic illustration of the working model for the regulation of F-actin in mouse fertilized eggs by mTORC2/Akt1/ Girdin. Akt1 and Girdin were affected by knockdown of mTORC2. Akt1 positively regulated the development of mouse fertilized eggs by Girdin-mediated F-actin remodelling. Girdin protein could be a downstream target of the Akt1 signalling pathway. mTORC2 may regulate Girdin in the development of mouse fertilized eggs. Our current study suggests a critical role of Akt1 as a substrate for mTORC2 and supports an important role for mTORC2 in regulating the development of mouse fertilized eggs through Akt1 and Girdin. Our study indicates that the mTORC2/Akt1/Girdin signalling pathway is crucial for remodelling F-actin in mouse fertilized eggs
